A bomb process for preparing zirconium and hafnium metals with calcium by the reduction of their tetrafluorides is described. A detailed method of preparing the high purity tetrafluorides is presented and the purity and physical properties of the metals obtained are discussed.
Introduction
Experiments on the preparation of zirconium by bomb reductions have been described in reports by Walshl, Peterson2, and Lambert et. a1. 3 in 1950. These workers all employed the ZrF4 reduction with calcium, but Walsh alone employed zinc in the process. In this paper the preparation of zirconium and also of hafnium metal by a process similar to that of Walsh is described in detail.
Zirconium and hafnium metals are obtained in massive form as zinc alloys by the reduction of their tetrafluorides with calcium in the presence of zinc. The reaction which is sufficiently exothermic to yield liquid products is carried out in a sea l ed bomb. The den~e alloy which is immiscible with the molten s l ag phase separates as a homogeneous liquid. The zinc I may later be r emov-ed f~om the solidified alloy by heating in a vaeuumJ this yields a sponge of the residual metal. Subsequent mel,ing i n a vacuum or inert atmosphere yields the pure zirconium Qr tsafn1llm me t a l in massiwe form. Although hafnium so prepa·red is somewhat brittle» high qwality» ductile zirconium can be obtained by this method.
Because of the importance of quality of the tetrafluorides to 'he success of this method 9 a detailed description is given for their pr epara tion. In this investigation greater amount of ~he researc h and development work was done with zirconium. It was found t hat hafnium parallels zirconium quite closely in all processing s t e ps» so less effort was required for this development.
The ma in properties which have been used by the authors to evaluat e the quality of the zirconium metal obtained experimentally were its hardne ss and ability to be cold rolled. GenerallY; when the me t a l had a hardness of less than 50 Rockwell A» or 155 Brinell (3000 kg load)» it was found to be readily fabricable by cold rolling. Since the effect of oxide impurity on the fabricability of zirconium is generally detrimental 9 the successful preparation of ducti l e zirc onium metal depends largely upon the exclusion of oxygen f r om all materials and equipment used in processing.
Preparation of High Purity Zirconium Tetrafluoride
Williams and Weaver4 have prepared anhydrous zirconium tetrafluoride, free of significant amounts of oxygen by the hydrofluorination of zirconium oxide at 500•c followed by a vacuum sublimation of ZrF4 away from the unreacted oxide or oxyfluoride at 65o•c. Hydrated zirconium tetrafluoride may be prepared by the reaction of aqueous hydrofluoric acid and zirconyl chloride octahydrate. This tetrafluoride may then be dehydrated in a stream of hydrogen fluoride gas at elevated temperatures to yield anhydrous zirconium tetrafluoride. In the work described here the latter process has been employed for preparing the tetrafluoride.
In this investigation zirconium chloride octahydrate was 
The supernatant liquid is a-pproximately 7 N in hydrochloric acid, a eencentration at which the solubility of the monohydrate is -quite ·lew-·;· The-·us-e-of mere dilute hydrofluoric acid or aqueous s-olutions· of zirconyl chloride decreases the acid concentration of the supernatant liquid and the yield of ZrF4 · H 2 0 crystals is decreased. The addition of excess hydrofluoric acid to the reaction mixture will likewise result in a decrease in the yield of ZrF4 · ~0 probably due to formation of the more soluble fluozirconic acid, H2ZrF6.
Consequently, it is highly desirable to add essential}y a stoichiometric amount of hydrofluoric acid. The addition of two or three drops of thorium nitrate solution to a few milliliters of the supernatant liquid determines the end-point.
If a slight excess of fluoride ion is present the thorium nitrate forms a white precipitate of ThF4 · 2H20.
The mixture should be stirred continuously during the addition of the acid to help dissipate the heat evolved from the reaction and to aid in the formation of a granular crystalline precipitate. After cooling to room temperatpre the product can be filtered using plastic filtration equipment. The precipitate should then be dried in air at 70°C to yield a dry ZrF4 · H20 product. 
I
The remaining water can be readily removed by increasing the drying temperature. As can be seen from the data in Table 1 the hardness of the final metal is critically dependent upon the final drying temperature of the fluoride employed in its preparation. The higher hardness values of metal from some batches of the fluoride is believed to be due to the presence of greater amounts of ZrOF2 in the tetrafluoride. It is assumed that the rate of pyrohydrolysis to give ZrOF 2 is much greater at the higher drying temperatures. On laboratory scale a drying treatment of 1 1/2 hours at 250°C followed by 2 l/2 hours at 400°C with constant rotation of the charge has been shown to give a fluoride that can be employed to give metal of high ductility. However, for larger scale drying operations the practice has been to double the times at these temperatures. The acid filtrate was discharged to the neutralizer and the wet precipitate was transferred to the steam heated dryer (10).
After drying at 70°C for a few hours, the hydrated fluoride was The experiments described here were carried out in a steel bomb constructed from a 2 1/2 inch diameter steel pipe. One end of a 12 inch section of the pipe was closed by a welde~-in plate; the other end, referred to as the top of the bomb, was threaded for a pipe cap. A refractory liner was inserted to prevent interaction between the charge and the bomb wall. The liner waa either of a formed and pres¢ntered type or was formed by jolting the refractory powder around a mandrel inside the bomb.
The reaction was initiated either by placing the charged bomb in a gas fUrnace or by a hot wire ignition method. In the latter case a coil of suitable wire was embedded in the charge and a current passed through the wire to start the reaction.
The purity of the ingredients in the bomb charge, the ratios er------------------------------------------ The addition of a thermal booster is also essential in obtaining good yields and in producing good slag-metal separation.
Although the amount of iodine added as a booster is not as critical as that of other constituents of the charge, the minimum quantity of booster required for good yields was studied and was found to vary in a manner dependent upon the size of the bomb. In a few experiments ZnF 2 was substituted for both the zinc and iodine. Good yields were observed and metal of comparable quality was obtained when ZnF 2 was used.
The liner material is also a potential source of oxygen contamination. Early work in which a few grams of MgO, CaO and Zro 2 were added to individual reduction charges showed that MgO and Zr0 2 additions resulted in greatly increased hardness of the zirconium whereas the CaO addition had relatively little effect. Repre-s-entative-amounts of the major impurities present in metal produced by this method are shown in Table II . 
Preparation of Hafnium Metal
The starting material for the hafnium preparation was a hafnium concentrate from a zirconium purification process. This The resulting sponge was analyzed chemically and spectrographically and the principal impurities are shown in Table III . Table IV . The microstructure of the arc melted sponge is shown in Bomb-reduced hafnium metal, as-arc-melted.
Etchant: 1% HF in HN0 3 . 250X. Crystal bar hafnium metal, as-arc-melted. Etchant: 1% HF in HN03. 250X.
conditions for the preparation of high purity zirconium tetrafluoride and pilot plant equipment is described which was used to prepare 100 pound batches of the fluorides.
The reduction step was investigated thoroughly 9 particularly for zirconium, and those factors which affect metal quality and yield were determined. Reduction yields of 96
per cent were obtained with both zirconium and hafnium .
After arc-melting, the sponge zirconium had a hardness of 40-45
Rockwell A and was readily cold-roll ed into sheet. Zirconium metal thus prepared had a purity of about 99 .8 per cent.
Hafnium metal, similarly prepared, had a hardness of 69
Rockwell A and was hot-rolled but was too brittle to be easily cold worked. The hafnium was low in metal lic impurities 9 but contained considerab l e amounts of carbon» nitrogen and ox}'igen.
